1 These kinetic pa~ameters are listed in Table I for the surface reactions that were investigated. On account of the experimental conditions that have fixed the surface concentrations of all but one of the reactants in many instances, the rate constant and the pre-exponential rate factors appear pseudo-unimolecular and are also tabulated in this manner. That is, the pre-exponential factor includes reactants with fixed concentrations throughout the reaction.
The pre-exponential factors that were determined by experiments are in the range of 10 2 -10 16 sec -l , that is, they vary by fourteen orders of magnitude. Most of these values are small compared to those reported for gas phase unimolecular (lo 13 sec-1 ) or bimolecular reactions. The typical pre-exponential for a bimolecular reaction is 10"'! 11 n10lecule/cm 3 sec that becomes 10 3 sec-l under pseudo-first order conditions with a reactant pressure of 10-7 torr. In fact, frequently when low pre-exponential factors were obtained in gas phase reaction studies the presence of surface reactions were suspected. 2
Surface reactions can be viewed as composed of a series of consecutive steps starting with a) adsorption of an atom or molecule from the gas or liquid phases. The adsorption may be followed by b) dif,fusion of the reacting species on the surface among the various sites where bond In this paper we compute the pre-exponential factor for each of these elementary surface reaction steps. We shall make order of magnitude estimates of the pre~exponential factor. Calculated pre-exponential factors vary from 10 2 to 10 13 sec-1 depending upon whether the rate determining step is adsorption, surface diffusion, surface reaction or desorption. Thus, it should be possible to use these estimates to rule out certain reaction mechanisms and perhaps identify others. In addition, these mode 1 s aid our understanding of the reaction mechanism and its variation with experimental conditions (reactant concentrations and surface site concentrations).
The pre-exponential factor (An) is defined for a reaction involving n specie as kn = An exp(-E/RT} ( 1 ) when kn' E, Rand T have their usual meaning. We shall evaluate An employing transition state theories of Eyring 3 in a fashion like that of Laidler. 4 Experimental values of An can be obtained for surface reactions by knowledge of the rate of reaction per unit area or surface site~ its . \ temperature coefficient and the concentrations of surface species. Since the latter quantity is often not directly available, order of magnitude estimates of its value can be made from partition function ratios as illustrated in the appendix for conditions of low surface coverage (less -4-than 0.1 monolayer).
The rate of surface reactions involving two or more specie are most easily analyzed for pseudo-first order conditions where the surface concentrations of all except one of the specie are in excess and remain constant. This is the condition in most molecular beam-surface scattering experiments where some of the reactants are in the ambient background with sufficiently high pressures to assure excess concentrations on the surface.
The flux, or surface concentration of the beam species is then varied.
Adsorption letus consider the change in surface concentration (ns) of molecules with a gas phase concentratiqn (n). He take a surface of area (~), where e is the fraction of surface covered by molecules. The average gas phase velocity of the molecules (c) enables us to calculate a volume swept out per unit time of the gas phase rna 1 ecul es that wi 11 strike the surface l/4 c . a. The number of collisions per unit time with uncovered surface is given by the pre-exponential part of equation (2) . ,.
A Boltzmann factor must be multiplied by the right side of the equation (1) to account for the fraction of molecules having activated adsorption with activation energy E. This situation can apply when adsorption requires an activation energy as in H 2 -o 2 exchange reaction on Cu. 5 This is determined by the rate dependence of surface reaction on beam temperature. ·
The pre-exponential factor giving the rate of formation of adsorbed surface molecule per unit area, when these molecules are colliding with uncovered surface and are removed rapidly by reaction is:
, 0 .j 6 6 6 -5- Note that the units of Eq. (3) are length/time.
Let us consider adsorption as the rate limiting step of a reaction involving gas phase and surface reactant species. We will apply Eq. (3) to the case where product mole'cules are detected in the gas phase of volume V. First, we replace 1-a by a in Eq. (3) since reaction is considered to take place only wheri the gas phase species cbllides directly with a surface species as in the Eley-Rideal type reaction. Thus, A 1 = 1/4 c e for this case. Under steady state conditions for the product species formed on the surface
dt (4) where the pre-exponential part of kpseudo equals 1/4 c e. Thus, the effective pseudo-first order pre-exponential for product formation becomes
which has the units of reciprocal time. This expression applies to the rate of product formation as detected after desorption into the gas phase of volume V for an Eley-Rideal reaction mechanism.
Desorption
Desorption of an adsorbed molecule can be considered a unimolecular process where the surface bond has vibrational frequency v 0 , which typi-
13 -1 has the value 10 sec • For this step A 1
If a molecule is dissociated on the surface, a bimolecular association reaction must take place prior to molecular desorption. This step may be rate limiting and will be treated below in the section on surface reaction kinetics.
•.
Diffusion
Surface diffusion may be treated for a surface species of concentration n 5 by a random walk type of analysis. 6 The frequency (f) of jumps of distance d is given by .
\'/here v is the surface vibration frequency and E 0 , the diffusion energy, is averaged over the various surface regions.
The random walk expression is The pre-exponential factor is
As in gas phase collision theory, a steric factor is sorretimes multiplied by the right side of equation (10) to account for the required orientation of the reactants.
The transition state theory may be used to express the pre-exponential factor for Nth order reaction of i specie as We have tabulated the expressions for pre-exponential factors for the Application of Eq. {13) assumes free particle motion for the reactant molecules. In those cases where this condition is not met, the calculated pre-exponential factor for the rate of reaction. will be too high. Surface diffusion will be the more likely slow step in that case.
III Comparison of Computed and Experimental Values. of the Pre-Exponential
Factor, An.
The surface reaction o 2 +H+DH+D has been studied on stepped Pt surfaces u~ing a modulated molecular beam technique. 7 In the reaction a beam of o 2 molecules is directed at th.e surface which contains excess H atoms, formed from H 2 background gas, of constant concentration. The rate of HD formation on the surface is monitored from its concentration in the gas phase. Pseudo-first order pre-exponential factors of 2±1xlo 5 sec-1 and lx 10 2 sec-l were measured below and above 600K respectively. These values may ' be compared to gas phase reaction data. Converting the.experimental gas
phase value 8 k~ = 3xlo-ll exp( -6.5kcal/RT)cm 3 /molecule sec to ~ pseudo first order pre-exponential factor (P 0 = 6xlo-7 torr, 600K) we find A 1 = 7 sec-1 • . 2 The high temperature surface reaction may be classified as an EleyRideal type mechanism in which a gas phase molecule of o 2 reacts with an .< H species adsorbed to the surface.
Taking the pre-exponential part of Eq. (14) as A 2 H(s) and employing Eq.
(5), we arrive at the effective pseudo first-order pre-exponential.
{15).
In the molecular beam experiments, we estimate ,g./V = lcm-l and a = .01 to .1 under the experimental conditions. These parameters give A 1 
A rate expression for this mechanism may be written as
This expression gives a pseudo first order rate constant varying by the square root of the H 2 pressure as observed experimentally. We calculate 1< 2 using Eq. (11) and express K 1 in terms of partition 'functions of the specie involved. Considering all translational and rotational components we obtain the expression
R,H 2 g ~H = heat of dissociative chemisorption of H 2 • The pre-exponential part of this expression is evaluated in Table III (A= 5xl0 5 Besides n-hexane, formation of other saturated hydrocarbons takes place under reaction conditions as well as the simultaneous dehydrogenation to fonn benzene. A pre-exponential factor of 1.3xlo 10 sec-1 may' be -determined from the experimental data at 300K as shown in the appendix. Our calculations suggest diffusion of cyclohexane to the active sites is the rate limiting step of this reaction. This is based upon agreement of the pre-exponential value calculated using equation (18) with the experimental
value. An active site density for n-hexane _formation of 2.7x 1o 13 cm-2
gives a calculated value agreeing with experiment. The experimental active.site density was 4xlo 14 cm-2 • In view of the f~ct that n-hexane is a minority product, this agreement is considered satisfactory.
The ring opening of cyclopropane to propane at high pressure has been studied on Pt stepped surfaces. 10 The experimental pre-exponential factor of 10 12 sec-l is derived in the appendix. This value would be consistent with desorption of product, .diffusion of reactant or bond breakage as the rate determing step. We would expect a pre:..exponential factor of 1o 12 -1o 13 sec-l for desorption of product. The calculated pre-exponential factor for a diffusion-controlled reaction is 2.6xlo 11 sec-l, where we have used the experimental active site density of 2xlo~4cm- 
The pre-exponential factor calculated from this expression (4.4xlo-20 cm 4 /atom sec) compares well \'lith experiment as shown in Table III .
The reaction leading to acetylene formation is modelled as:
The rate expression becomes d(C 2 H 2 (s)) dt· 2 2 . for which the pre-exponential term of 1.4xlo"" em /atom sec (22) (23) is also given in Table III is Desorption of the oxide is considered the rate limiting step, but this step would yield normally a value of A= 10 13 sec-l according to Eq. (11) .
This reaction may involve a transition state very loosely bound with much more motion than the reactant oxide molecule. This \'toul d account for a partition function ratio greater than 1 and applying Eq. (11) to this -14-situation could yield values of A 1 in excess of 1o 13 sec-l. These effects have been observed 8 in gas phase reactions such ~s c 2 H 6 ~ 2CH 3 which has an experimental pre-exponential factor of 2xlo 18 sec-l.
We have not included steric effects in this discussion because of the difficulty in estimating this ter~. Under normal conditions steric effects would reduce the calculated pre-~xponential factor. For molecules possessing essentially free rotation and translation on the surface, the effect should be minimal and included in Eq. (10) . On the other hand, when large bulky molecules diffuse in the rate limiting step to a special site, the e!fect could be important. Considerable time might be required for achieving the proper orientations for reaction on the surface. Possibly one of the causes of the wide product distribution noted earlier for the hydrogenolysis t"eaction of cyclohexane is a steric effect. The relative orientation of the cyclohexane molecule with respect to the active site geometry during reaction would determine the distribution of products formed in this case. Alternative explanations would suggest the product distribution results from reaction at different types of active sites.
It would be interesting to study this reaction on active sites with different geometries in an attempt to observe such an effect. The gas phase.concentration of reactant is k·nown and Eq. (A4) may be used to calculate the pre-exponential factor for each of the reactions. This procedure gives the experimental pre-exponential factors listed in Table   III. / . ... :L.
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